Two different populations of mitochondria, with different metabolic properties, exist within muscle fibers. One population is located beneath the sarcolemma (subsarcolemmal [SS] mitochondria) and the other towards the muscle fiber center (intermyofibrillar [IMF] mitochondria). Each population is thought to have different functional roles, since they differ in properties such as oxidative enzyme activity [18, 33] and in vitro respiratory rates [11, 33] and adapt differently to stressors such as exercise training [5, 11, 12, 33] and muscle unweighting [3] . We have recently used quantitative histochemistry (measurement of succinate dehydrogenase [SDH] activity) to demonstrate that these mitochondrial populations adapt differently to strength, compared to aerobic exercise training [12, 15] . With aerobic training, SDH activity increases in both SS and IMF regions, with a greater increase in the SS region [12] . With strength training, SDH activity decreases in both regions, suggesting that muscle fiber hypertrophy may result in a dilution of mitochondria [15] .
The ATPase isozymes involved in the contractile process, namely the sarcoplasmic reticulum calcium ATPase and the myofibrillar ATPase are not increased with either endurance or strength training [22, 23, 32] . One may therefore predict IMF mitochondria would change little if their purpose is to supply energy to these ATPases. We therefore hypothesized that training would elicit greater changes in SS compared to IMF mitochondria. Although mitochondria may become diluted with strength training due to muscle fiber hypertrophy [15] , this may not occur when aerobic training is superimposed. Aerobic training, when combined with strength training, may attenuate hypertrophy of muscle [27, 32] . We hypothesized that a program of combined strength and aerobic training would preferentially increase SDH in the SS region of muscle fibers.
Materials and Methods

Subjects
Seventeen subjects were randomly assigned into two groups: concurrent strength and endurance training (SE; five males and five females) and a control group (CNT; three males and four females) who did not participate in training. Data from the control subjects has been previously presented [15] . SE subjects had a mean ( SD) age of 23.5 3.3 y, mass of 72.3 13.7 kg, and height of 170.9 7.7 cm. CNT subjects had corresponding values of 21.7 3.8 y, 72.6 12.0 kg, and 173.7 8.7 cm. Based on relative maximal oxygen uptake (V O 2 max; see below for determination) subjects were classified as "untrained" [17] . All subjects signed informed consent and the study was approved by the Faculty of Physical Education and Recreation Research Ethics Committee.
Strength and endurance training
The SE group participated in a 12 week linear periodized strength and endurance training program. A periodized program was chosen because this type of program has been shown to elicit greater adaptation to training [44, 52] and we have previously used this program to elicit substantial hypertrophy and increases in strength [15] . Strength and endurance training were each performed on alternate days, three days per week (for a total of six days per week training).
The strength training involved four lower body exercises (leg press, knee extension, knee flexion and standing calf raises). The strength training involved two 6-week mesocycles. Each mesocycle involved a gradual increase in intensity and decrease in training volume. For the first and second week, five to six sets of eight to ten repetitions were performed at 72 -75 % of the one repetition maximum (1-RM) determined before training. During the third and fourth week, three to four sets of six to eight repetitions were performed at 75 -80 % of 1-RM. During the fifth and sixth weeks, two to three sets of four to five repetitions were performed at 80 -84 % of 1-RM. This six week cycle was then repeated, using new 1-RM values determined at six weeks. Endurance training involved cycling for 30 -42 minutes at an intensity corresponding to the ventilatory threshold twice per week, and interval training for four to seven sets of 3-minute sprints (separated by 3-minutes rests) at 90 % of V O 2 max, once per week. Endurance training was progressively overloaded by duration and number of intervals on the interval day. For the continuous training, duration was 30 minutes during weeks one to three, 34 minutes during weeks four to six, 38 minutes during weeks seven to nine, and 42 minutes for weeks ten to twelve. For the interval training, four intervals were performed from weeks one to three, five intervals from weeks four to six, six intervals from weeks seven to nine, and seven intervals from weeks ten to twelve. Relative intensity was set before training and reset at the mid-point (6 weeks) of training.
Physiological measurements
All measurements in the SE group were made prior to training, at six weeks of training, and after the 12 weeks training program. Measurements in the CNT group were made before and after the 12 week training program. Measurements at six weeks (the midpoint of the study) were not made in the control group because there were no changes expected in the dependent variables without any training and also to decrease the number of adversive measurements on the control subjects and the associated costs (i. e. muscle biopsy supplies). Subjects were part of a much larger group of individuals who were studied for hormonal alterations during training [4] ; therefore, time constraints also prevented collection of mid-point measures in the control subjects.
V O 2 max was determined during an incremental cycle ergometer test, and strength was assessed with a voluntary 1-RM test for bilateral incline leg press and dominant leg unilateral knee extension, using protocols we have previously described in detail [12, 15] .
Skeletal muscle biopsies, with the needle adapted for suction, were taken at rest from the right vastus lateralis. The tissue was quickly mounted on cork in O.C.T. embedding compound, placed in isopentane cooled to near freezing in liquid nitrogen, and stored at -70 8C for later analyses. Sections were cut at a thickness of 6 mm at -20 8C using a Tissue-Tek Cryostat (Miles Laboratories) and mounted on glass slides with a coverslip. Type I and II fibers were identified after staining sections for myofibrillar ATPase activity using an alkaline incubation at pH 8.6 [37] . Subsequent serial sections were then stained for SDH activity using the assay described by Martin et al. [38] . Staining for each individual's pre-, mid-, and post-training muscle biopsy was done within the same assay to decrease inter-assay variability. Regional distribution of SDH activity was determined in sequential circumferential concentric layers of 1 pixel width (0.75 mm) starting from the fiber edge and ending in the centre of the fiber in 16 -20 type I and type II fibers of each tissue section, using a PSI-COM 232 computer-assisted image analysis system (Perceptive Systems Inc., League City, TX). A detailed description of this procedure has been published elsewhere [3, 10] . The mean SDH activity for SS and IMF regions of individual fibers was then determined from pixels spanning these areas. SS and IMF regions of muscle fibers were defined as < 5.25 mm and > 6.00 mm, respectively, from the fiber edge, and were determined to represent these regions based on previous electron microscopic observations of human muscle fibers [24, 25] . Previous research in our lab has used this technique to indicate SS and IMF regions [3, 12, 15] . For identification of type II fiber subtypes, muscle cross sections (an average of 204 78 fibers) were later stained for myosin ATPase activity with preincubation at pH 4.3, 4.55, and 10.4 [8] .
Statistics An independent t-test was performed to compare baseline measures between groups.
Changes in SDH activity were assessed with a four-factor ANO-VA, with one between-groups factor for training status (SE vs. CNT) and three repeated measures factors for fiber region (SS vs IMF), fiber type (type I vs. type II) and time (before-vs. aftertraining). Changes in V O 2 max, strength, muscle fiber cross-sectional area, and fiber type composition between groups were determined with a three-factor ANOVA with factors for training status (SE vs. CNT), sex (male vs. female) and time (before-vs. after-training).
Because the SE group also had some measures taken at the midpoint of training, separate analyses were performed to analyze changes from before, at the mid-point and after training in this group. Changes in SDH activity throughout SS and IMF regions of type I and II fibers, and in muscle fiber cross-sectional area, and fiber type composition were analyzed by repeated measures ANOVA. To further evaluate the change in SS relative to IMF regions, SDH activity in the SS region was expressed relative to SDH activity in the IMF region. A repeated measures ANOVA was used to evaluate changes in this ratio over time.
Tukey post-hoc tests were performed to determine differences between individual means where main effects or interactions were found. All values are expressed as meansSEM. Significance was set at p £ 0.05.
Results
There were no differences in any of the baseline measures between groups.
There was a significant group time interaction (p < 0.05) for both absolute and relative V O 2 max. Absolute V O 2 max increased from 3.59 0.26 L/min to 3.80 0.27 L/min over the twelve weeks of training in the SE group (p < 0.05), and remained relatively unchanged (3.17 0.27 to 3.00 0.25 L/min; not significant) in the CNT group. Relative V O 2 max increased from 49.6 2.5 to 52.5 2.7 mL/kg/min in the SE group (p < 0.05), and remained unchanged (43.5 2.5 to 40.9 2.0 mL/kg/min; not significant) in the CNT group. Body mass remained unchanged in both groups (72. There were significant group time interactions (p < 0.05) for all strength measurements. Over the twelve weeks of training, leg press 1-RM increased from 215 26 to 329 24 kg (p < 0.05) in the SE group, and from 199 37 to 241 38 kg (p < 0.05) in the CNT group. Knee extension strength increased from 26.9 3 to 34.4 2.6 kg (p < 0.05) in the SE group and remained relatively unchanged (30 4.5 to 25 3.4 kg; not significant) in the CNT group.
For muscle fiber area, there was a significant group time interaction (p < 0.05) for type II fibers, with fiber area increasing over twelve weeks in the SE group, but not in the control group (Fig. 1) . There was no increase in fiber area at the mid-point (6 weeks) in the SE group (Fig. 1a) . Type I fiber areas were unchanged over the training period in both groups (Fig. 1 ). There were no differences between males and females for change in fiber areas over time (i. e. no sex time interaction).
With regard to fiber type percentages, there were no significant changes within groups across the twelve weeks of training (Table 1); however, there was a significant group time interaction for type I fiber percentage (p < 0.05), indicating that type I fiber percentage increased in the SE group relative to the CNT group. SDH activity in SS and IMF regions of type I and II fibers before and after training is shown in Table 2 . There was a main effect for fiber type, with type I fibers possessing a greater SDH activity compared to type II fibers (p < 0.01). There was also a main effect for fiber region, with a higer SDH activity in the SS compared to the IMF regions (p < 0.01). When the SE and CNT groups were analyzed together over time, there were no differences between groups before and after training. The mean SDH activity tended to increase in the SE group and stay the same in the CNT group; however, the group x time interaction did not reach significance (p = 0.15). When the SE group was analyzed alone over time, including the mid-training measure, there was a significant time regional distribution interaction (p < 0.05). Post-hoc analysis indicated that SDH activity was increased in the SS region from mid-(6 weeks) to after (12 weeks) training, while the change in SDH activity in the IMF region was not significant over this time period (Fig. 2) . SDH activity, when expressed as a ratio between SS and IMF regions, increased significantly from mid-(6 weeks) to after (12 weeks) training (Fig. 3) .
Discussion
Quantitative histochemistry (assessment of SDH throughout muscle fibers) has been used to track changes in mitochondrial distribution in response to growth [50] , exercise training [12, 15] and weightlessness during spaceflight [3] . It has been shown that mitochondria in SS and IMF regions of muscle fibers respond differently to these stressors [3, 12] . This is in agreement to others who have used different methods, including electron microscopy [26] or biochemical techniques [5, 11, 33] to track changes in these mitochondrial populations. Evidence that SDH activity reflects differences in mitochondria within different regions of muscle fibers is supported by the finding that SDH activity decreases from fiber border to the center of the fiber [12] similar to volume density of mitochondria assessed by electron microscopy [30] . Changes in SDH activity may represent changes in mitochondrial numbers; however, it may also represent changes in SDH per mitochonria as well [33] . The present study is the first to assess changes in these two mitochondrial populations in response to a program of combined strength and endurance training. It is recognized that the method of quantitative histochemistry may not be as precise as methods involving electron microscopy or biochemical techniques for differentiating between the two mitochondrial populations; this may have been a limitation for resolving the small differences noted with training in the present study. Fig. 2 Changes in succinate dehydrogenase activity in subscarcolemmal and intermyofibrillar regions of muscle fibers with 12 weeks of combined strength and endurance training. * Succinate dehydrogenase activity is greater after than before training in both subsarcolemmal and intermyofibrillar areas (P < 0.05). # Succinate dehydrogenase activity is greater after 12 weeks than after 6 weeks (mid-point) of training in the subsarcolemmal region only (P < 0.05). Fig. 3 Changes in the ratio of succinate dehydrogenase (SDH) activity in subsarcolemmal (SS) and intermyofibrillar (IMF) regions of muscle fibers with 12 weeks of combined strength and endurance training. * The ratio of succinate dehydrogenase activity between subsarcolemmal and intermyofibrillar regions is significantly greater after 12 weeks than after 6 weeks (mid-point) of training (p < 0.05). We have previously assessed responses to separate programs of strength [15] and aerobic [12] training, which were identical to the combined programs used in the present study. Training status of these previous subjects was similar to those in the present study, as was the training protocol and duration for strength or aerobic endurance training. Similar to others who have investigated the effect of combining strength and aerobic training [32, 42] , we found that the gains in physiological measures in the combined program were intermediate to those when programs were performed separately. This suggests that aerobic training attenuates the changes expected from strength training and vice versa [32] . For example, in our previous study on strength training alone, cross-sectional area of type I and II muscle fibers were increased by 26 -28 % (15), whereas in the present study, only type II fiber area was increased and only by 15 %. In our previous study of aerobic training alone, relative V O 2 max was increased by 10 % [12] , whereas it was increased by approximately 6 % in the present study.
In previous work, we demonstrated that SDH activity was increased throughout muscle fibers with aerobic training alone [12] and decreased with strength training alone [15] . The response to the combined program was, likewise, intermediate to these two programs, with no significant change in comparison to a control group ( Table 2) . Muscle fiber hypertrophy, which has previously been linked to a dilution of mitochondria content [34] , may have been the likely cause for a reduced SDH activity with strength training alone [15] . The slight muscle fiber hypertrophy ( Fig. 1 ) in the present study was likely sufficient to attenuate the expected increases in SDH activity from the aerobic training performed. Our finding of no increase in SDH activity (relative to a control group) is similar to findings of others who have combined strength and aerobic training [19, 42] . Nelson et al. [42] and Ferketich et al. [19] both measured citrate synthase activity during aerobic training compared to strength and aerobic training, and found attenuation of the expected increase in citrate synthase activity with the combined, compared to the aerobic training program.
In the present study, the combined strength and aerobic training appeared to result in minor shifts of mitochondrial distribution throughout the training (Figs. 2, 3) . In addition to comparisons to the control group, we also analyzed the changes in the combined training group alone, to include a mid-training measure that was not collected in the control group. The SDH in the SS region increased significantly from the mid-point to after training (Fig. 2) , while SDH in the IMF region remained unchanged. Similarly, the ratio of the SDH activity in the SS versus IMF area was unchanged from before to mid-training and increased significantly from mid-to after training (Fig. 3) . Although changes in this ratio were not significant from before to the mid-point of training, the ratio did tend to decrease. This lower ratio at the mid-point could account for the significant increase from midto after training. Indeed, the overall changes in SDH activity in SS and IMF regions were similar when assessed from before to after training (11.7 % and 10.6 % increases in SS and IMF regions, respectively). We had hypothesized that adaptations would preferentially occur in SS mitochondria to support the sarcolemmal (Na
ATPase which is rapidly up-regulated with both aerobic [21] and strength [31] training. As SDH activity in the SS region was not increased until the second half of the training, this hypothesis is not supported. With regard to strength training, our original hypothesis was based on observations from a cross-sectional study which showed that strength-trained individuals had a greater concentration of sarcolemmal (Na + -K + ) ATPase compared to untrained individuals [31] . A recent longitudinal study of the same length of the current study, demonstrated that sarcolemmal (Na + -K + ) ATPase is not increased until seven weeks of resistance training [20] . If mitochondria in the SS region support the sarcolemmal (Na + -K + ) ATPase, this may explain the delayed change in SDH activity of the SS region in the present study. The influence of the periodization used in our program on the shifts in SDH activity is difficult to ascertain. The bi-weekly changes in loading pattern may have influenced these changes. A strength training program where volume is maintained and intensity progressively increased throughout may have different results.
Changes in SS mitochondria may be due to additional factors aside from supporting increases in sarcolemmal (Na
ATPase. An increase in SS mitochondria may also be an adaptive strategy by muscle to increase oxygen delivery from capillaries to muscle fibers. It has been shown that SS mitochondria adapt together with capillarization in response to endurance training programs [28, 41] , suggesting that this population of mitochondria may be important in the extraction of oxygen delivered past the muscle bed within the capillary network.
Mathematical modelling of oxygen transfer to cells has shown that oxygen transport is facilitated when mitochondria are clustered at the cell periphery around capillaries, rather than homogeneously distributed throughout the cytosol [35] . The subjects in the present study were part of a larger study on cross-training, which showed that combined strength and aerobic training results in a significant increase in capillary to fiber ratio after 12 weeks [4] . Taken together with the results of the present study, this indicates that SS mitochondria and capillaries may adapt as a strategy for increasing oxygen delivery to muscle fibers. Increases in SS mitochondria may be due to a few additional factors. It has been suggested that SS mitochondria provide energy for the active transport of ions across the muscle membrane [48] , protein synthesis in the nuclei beneath the sarcolemma [40] , and phosphorylation of glucose and sarcolemmal proteins [51] .
In contrast to the SS mitochondria, which increased only in the second half of the training program, IMF mitochondria increased in a linear manner throughout (Fig. 2) . IMF mitochondria are thought to supply energy for cross-bridge cycling [36] and regulating the concentration of sarcoplasmic calcium during the contraction-relaxation cycle [9] . The resistance training and the once-a-week interval training on the cycle ergometer would involve rapid cross-bridge cycling and may have provided a stimulus for an increase in IMF mitochondria.
One factor that may have contributed to the findings of the present study is a shift in muscle fibers to a more oxidative type. The percentage of type I muscle fibers was increased in the combined training group in comparison to the control group ( Table 1) . Most studies indicate a fiber-type IIb to type IIa shift with either aerobic [32] or strength [2, 49] training. Studies of combined strength and aerobic training, however, are mixed in their findings. Two studies of combined aerobic and strength training found increases in type I fiber percentage [42, 46] , one found a type IIb to IIa shift [32] and a third found no change in fiber type composition [19] . Differences between studies may be due to initial training status of subjects [32] , different age groups studied [19] or differences in the training programs. Other aerobic endurance programs, including those using high-intensity interval training, as was done once per week in the present study, have also noted an increase in type I fiber percentage following training [29, 47] . Caution must be taken with our finding, as the change in type I fiber percentage could easily be a chance result. The coefficient of variation for type I fiber composition determined from repeated biopsies is reported to be 5.7 % [6] . This level of precision may be insufficient to detect small changes with confidence [13] . Further study is needed to better characterize the extent to which fiber types shift with combined aerobic and strength training.
One limitation of the present study was that we did not distinguish between type II fiber subtypes in the individual fibers that were stained for SDH activity. However, when fiber typing was determined for whole cross sections of our muscle biopsies, it was determined that the majority of type II fibers were classified as type IIa ( Table 1) . We therefore feel that this limitation had minimal effect on our results.
A few of the additional observations from this study deserve comment. First, type II fiber area did not appear to be different from type I fiber area in the trained group prior to training (Fig. 1a) . Although type II fibers are more likely to hypertrophy with training (as demonstrated in the present study), larger type II than type I fibers are not always found in untrained individuals, especially female subjects. In the vastus lateralis, type I fiber area has been found to be equal to and sometimes greater than type II fiber area in female subjects [7, 39, 43] . In the present study three of the five female subjects had larger type I compared to type II fiber areas, while two of the five male subjects had larger type I compared to type II fiber areas.
In the present study males and females had similar changes in fiber area over time. This is in agreement with two other studies that have assessed changes in fiber area with resistance training programs in groups of young male and female subjects [45, 49] . Similar results have been found when whole muscle cross-sectional area, lean tissue mass, or muscle thickness has been assessed: males and females on identical resistance training programs demonstrate similar increases over time [1, 45] . Although males are thought to have a greater potential for hypertrophy due to greater testosterone levels, perhaps a longer duration of training than used in these studies (12 -20 weeks) is necessary to observe differences.
A third observation that needs comment is the significant increase in leg press strength in the control subjects who did not participate in training. We attribute this to a "learning effect" with repeated testing. We have previously demonstrated that leg press strength is increased early in training, before significant increases in leg muscle mass, indicating that this relatively complex exercise is subject to a substantial learning effect [14] . It should be noted that the increase in leg press strength was greater in the training group, along with muscle fiber hypertrophy. For the training group, therefore, increases in strength were most likely due to a combination of learning and muscle fiber hypertrophy.
